Abstract-We propose two different approaches to describe carrier transport in n-laterally diffused MOS (nLDMOS) transistor and use the calculated carrier energy distribution as an input for our physical hot-carrier degradation (HCD) model. The first version relies on the solution of the Boltzmann transport equation using the spherical harmonics expansion method, while the second uses the simpler drift-diffusion (DD) scheme. We compare these two versions of our model and show that both approaches can capture HCD. We, therefore, conclude that in the case of nLDMOS devices, the DD-based variant of the model provides good accuracy and at the same time is computationally less expensive. This makes the DD-based version attractive for predictive HCD simulations of LDMOS transistors.
I. INTRODUCTION

L
ATERALLY diffused MOS (LDMOS) transistors are attractive for mixed-signal integrated circuits and high-voltage automotive applications [1] . One of the main concerns limiting the lifetime of LDMOS devices is hot-carrier degradation (HCD) [1] - [4] . Although the first observation of this detrimental phenomenon dates back to over four decades ago, the full physical mechanisms are complicated and not yet completely clear, making the predictive modeling of HCD difficult. As a result, quite often, simplified empirical/ phenomenological approaches are used [5] , [6] . The most successful among them are based on the so-called energydriven paradigm proposed in [7] - [10] . These approaches introduce three main modes of HCD: 1) governed by the single-carrier mechanism of Si-H bond dissociation; 2) driven by the multiple-carrier bond-breakage process; and 3) dominated by electron-electron scattering. Thereby, the computationally demanding simulations of the carrier energy distribution functions (DFs) are avoided and the rates of the aforementioned processes are described by empirical formulas that are related to the macroscopic transistor characteristics [10] . Note that these models are derived and calibrated using accelerated stress conditions. Therefore, it is possible that at real operating conditions, the physical picture behind HCD is different, making the models based on empirical expressions not predictive.
A remedy can be a physical HCD model that covers the whole hierarchy of the aspects related to HCD, namely, 1) a thorough carrier transport treatment that provides the information on the carrier energy distribution function needed to 2) model the microscopic mechanism of trap generation and the corresponding rates, and to 3) simulate the characteristics of the degraded devices [11] , [12] . The most computationally expensive among these subtasks is the carrier transport treatment, which requires a solution of the Boltzmann transport equation (BTE). This is computationally challenging and becomes even more challenging for LDMOS transistors. First, this is related to the typical dimensions of LDMOS devices, as compared with nanoscale CMOS transistors, and thus to a mesh that contains a large number of cells, i.e., ∼10 000 [13] . Second, these transistors have a sophisticated architecture, including the bird's beak and the nonplanar interface ( Fig. 1) , and also high doping gradients in different regions. Furthermore, as we have shown recently [13] , both single-and multiple-carrier mechanisms of bond dissociation provide substantial contributions to HCD. More importantly, contrary to the common perception, the multiple-carrier bond-breakage process appears to give a significant contribution also in nMOSFETs with gate lengths as long as 2 μm when stressed at high voltages [14] - [16] .
In this context, simplified approaches to the solution of the BTE, such as the drift-diffusion (DD) and energy 0018-9383 © 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. transport schemes, appear to be very attractive [1] , [17] - [19] . However, these approaches provide only some moments of the BTE rather than the full DF, which then has to be estimated using approximate analytic expressions matching those moments. One of the most popular variants is the heated Maxwellian distribution and its modifications like a polynomial in the exponential [20] , models developed in [21] and [22] . These carrier DFs are based on quantities such as the electric field or the carrier temperature obtained from a simplified moment-based BTE solution. Recently, Reggiani et al. [23] , [24] developed an analytical model for DFs in LDMOS devices with a shallow trench isolation, which could represent the degradation of the device quite well when applied to the HCD. However, this model has some difficulties in capturing the high-energy tails of the DF in the drain region and leads, therefore, to a less accurate degradation description for the drain area of the LDMOS.
In the following, we use our physics-based model for HCD in nLDMOS. This model incorporates carrier transport treatment by means of the full solution of the BTE and also using the simplified DD scheme. In the latter version, an accurate analytical expression is used to mimic the carrier energy DF for the entire nLDMOS transistor. The results of both versions of the model are compared against the experimental data and a conclusion on the validity of the DD-based version of the HCD model is drawn suggesting its efficiency for predictive HCD simulations of such devices.
II. EXPERIMENT
To validate the model, experiments were performed using nLDMOS transistors (schematically shown in Fig. 1 ) fabricated on a standard 0.35-μm technology with a maximum operating drain voltage (V ds ) of 20 V. The length of the drift region is 2.4 μm, while the channel length is 1.0 μm which gives a total Si/SiO 2 interface length of 3.4 μm, while the gate length is 2.5 μm. The gate and field oxide thicknesses are ∼7 and 370 nm, respectively. The transistors were subjected to hot-carrier stress with six different combinations of drain and gate voltages V ds , V gs (i.e., at V gs = 2 V and V ds = 18, 20, 22 V; V ds = 20 V and V gs = 1.2, 1.5, 2 V) at room temperature for stress times up to ∼1 Ms. To assess HCD, the relative changes in the linear drain current ( I d,lin (t)) at V ds = 0.1 V and V gs = 2.4 V and the saturation drain current ( I d,sat (t)) at V ds = 10 V and V gs = 3.6 V were recorded as a function of stress times. The degradation of the threshold voltage ( V th ) was also recorded for all stress conditions using the maximum transconductance method.
III. SIMULATION FRAMEWORK
We assume that the degradation of the device characteristics with stress is due to the generation of traps at the Si/SiO 2 interface as Si-H bonds become depassivated. The created electrically active dangling bonds affect the device performance, i.e., they contribute to the electrostatic disturbance of the device as well as to the degradation of the carrier mobility. These effects are modeled at the device level of the HCD problem. At the microscopic level, we model the two competing mechanisms of bond dissociation, namely, the single-and multiple-carrier processes [11] , [12] , [25] - [30] . These processes are considered consistently as two competing pathways of the same bond dissociation reaction [11] , [12] , [30] . The rates of these processes are determined by the carrier energy DF, which has to be calculated for a given transistor topology and defined stress/operating conditions. For modeling of the electron DF, we use our deterministic BTE solver ViennaSHE [31] .
A. Device Structure and Meshing
The carrier energy DF is sensitive to the details of the doping profiles and to the device architecture. The device structure of the nLDMOS transistor is generated by the Sentaurus Process simulator [32] , which was coupled to our device simulator MINIMOS-NT [33] , [34] and calibrated self-consistently in order to reproduce the characteristics of the fresh transistor. An important ingredient for reliable and adequate simulations of the carrier DF with ViennaSHE is a proper mesh. On the one hand, such a mesh is expected to be fine enough, especially near the Si/SiO 2 interface, at the bird's beak, and close to other important device regions. On the other hand, the mesh should contain only a moderate number of elements in order to ensure a reasonable simulation time. For instance, such a mesh can be coarse in the Si bulk. To achieve these goals, we used our highly adaptive meshing framework ViennaMesh [35] . ViennaMesh generates meshes based on the built-in potential (Fig. 2) [13] . The resulting mesh has a fine resolution in important regions, a sufficiently low density in less important regions, and contains ∼11 000 elements. 
B. Carrier Transport
As mentioned previously, the key ingredient in our HCD model is the carrier energy DF. A solution of the BTE can be obtained either stochastically using the Monte Carlo method [36] , [37] or deterministically using the spherical harmonics expansion (SHE) approach [38] . Although the first method was extensively used in the first versions of our HCD model [14] , [15] , [39] , the Monte Carlo approach is not well suited for HCD modeling in LDMOS devices due its enormous computational demands related to resolving the high-energy tails. Thus, our model is implemented in our deterministic BTE solver ViennaSHE [11] , [12] , [30] . An alternative way, as mentioned before, is to use simplified approaches to the BTE solution such as the DD scheme. In this case, the carrier DF computed with ViennaSHE can be used as a benchmark for the DD-based approach.
1) BTE Solution:
ViennaSHE is a deterministic BTE solver that considers energy exchange mechanisms, such as the electric field, impact ionization, electron-electron and electron-phonon scattering, scattering at ionized impurities, and full-band effects [38] , [40] , [41] . A cell-centered discretization scheme used in ViennaSHE simplifies the treatment of material interfaces and can be used on arbitrary grids, not requiring a Delaunay property [42] . As a result, ViennaSHE provides smooth DF curves spreading over many orders of magnitude and over several electronvolts. Fig. 3 shows two families of electron DFs obtained for V gs = 2 V and V ds = 20 V and for different positions in the device, i.e., one family corresponds to the bird's beak region, while the second one summarizes DFs evaluated for the drain section. One can see that the carrier DFs are severely nonequilibrium. While at the drain, DFs have a cold Maxwellian tail at low energies, the DFs calculated for the bird's beak do not have this rudiment and have a totally different shape. In all cases, the DFs have long high-energy tails.
2) Drift-Diffusion Scheme: The electron DFs developed by the Reggiani group are given by [23] 
where ε is the carrier energy, T n is the carrier temperature, k B is the Boltzmann constant, while the parameters A and α are determined using the information on the carrier concentration n and the carrier temperature T n [23] . Although the Reggiani model can describe the degradation of the LDMOS device characteristics with good accuracy, the expression (1) appears to be less accurate in the vicinity of the drain region. From Fig. 4 , one can see that the high-energy tails of the DFs are underpopulated if this model is used. This leads to a weaker curvature in the I d,sat (t) and I d,lin (t) curves.
In order to avoid this inaccuracy, we will use our previously suggested approach [43] to describe the DF. This approach considers the contribution of both hot and equilibrium carriers with the corresponding DF defined as
Here, the first term represents the DFs in the channel section where the carriers are hot, in the bird's beak region as well as the high energetic carriers in the drain region. The pool of cold carriers in the drain/source region is correctly modeled by an additional cold Maxwellian term. The carrier temperature is obtained from postprocessing of the DD simulation results. We extract the electron concentration as a function of the lateral coordinate n(x), the electric field profile F(x), and the carrier mobility μ(x) from the DD simulations in MINIMOS-NT. These quantities are then used to evaluate the carrier temperature T n (x) according to
where T L is the lattice temperature, q is the modulus of the electron charge, and τ is the energy relaxation time with typical values of τ n = 0.35 ps for electrons and τ p = 0.4 ps for holes [17] . The parameters of the DF are then determined using the carrier concentration and the carrier temperature, as well as the DF normalization
For the density of states g(ε), we use the expression proposed in [44] 
which very accurately reproduces the conventional nonparabolic Kane relation but can be integrated analytically [44] . Then, the DFs for different energies are calculated from (2) using the parameters A, C, and ε ref obtained from the above set of (2) and (4)- (6), while the parameter b is assigned a constant value of 1 near the drain and source regions and 2 otherwise. It is worth mentioning that ViennaMesh proves to be beneficial also for the DD simulations in MINIMOS-NT as even the DD approach can be computationally challenging in such devices.
C. Interface State Generation Kinetics
The carrier DFs are used to compute the carrier acceleration integral (AI), which determines the rates of both single-and multiple-carrier processes [11] , [12] , [30] 
where f (ε) is the DF, g(ε) is the density-of-states, v(ε) is the carrier group velocity, and σ 0 (ε − ε th ) p is the reaction cross section. In the case of the single-carrier bond-breakage process the reaction cross section is Keldysh-like [14] , [39] , with the threshold energy equal to the bond-breakage activation energy. For the multiple-carrier process, the bond is modeled as a truncated harmonic oscillator [27] , [29] , and the threshold energy corresponds to the distance between the bond vibrational states. An efficient way of bond dissociation is obtained when the bond is first preheated by a series of colder carriers and then dissociated by a solitary hot electron [11] , [12] , [30] . Thereby, we consider all superpositions of single-and multiple-carrier mechanisms [12] , [25] - [28] , [30] . The rates of the bond excitation/deexcitation processes triggered by the multiple-carrier mechanism are
As for the cumulative passivation/depassivation rates, they are expressed as [11] , [12] , [30] 
with the first term in (11) corresponding to thermal activation of the H atom, while the second one incorporates the effect of hot carriers. Note that each bond level, i , can contribute to the bond-breakage process (11) . Another important factor that affects the bond-breakage kinetics is the activation energy dispersion due to the disorder at the Si/SiO 2 interface. We, furthermore, assume that the bond interacts with the electric field across the oxide which leads to a reduction of the binding energy [11] , [12] , [30] . 
D. Modeling of the Degraded Device
The solution of the kinetic equations set which describes the Si-H bond passivation/depassivation processes leads to the following expression for the interface state density (N it ): (14) where N 0 is the density of pristine Si-H bonds present in the fresh device. N it (x, t) profiles evaluated using (14) are then used as input for the device simulator to model the characteristics of the device for each stress time step. The effect of charged interface traps is twofold: 1) they perturb the local band-bending of the device and 2) they degrade the carrier mobility due to scattering of the charge carriers. The former effect is considered while solving the coupled Poisson's equation and BTE, while for the latter one we use the empirical mobility degradation expression [45] , [46] 
where μ 0 is the mobility in the virgin device, r is the shortest distance from this local point to the interface, r ref = 1 nm defines the maximum range within which a carrier is still influenced by the field of the trapped charge, while the parameter α = 10 −13 cm 2 determines the magnitude of the effect.
IV. RESULTS AND DISCUSSION
The DD-based scheme is able to represent the carrier DFs for the source and channel regions. Note that in these device sections the DFs are not severely perturbed from equilibrium. As already shown in Fig. 3 , the agreement between the nonequilibrium DFs is also good, especially near the bird's beak of the nLDMOS transistor. As for the drain device area, a small discrepancy is visible at high energies. At these high energies, however, the DF has dropped by >20 orders of magnitude and this discrepancy does not transform into a significant error of the model. To prove this, we also plot the AI calculated by (8) for both the single-and multiple-carrier processes. Fig. 5 shows that the AIs computed with the SHE-and DD-based approaches are quite similar, and thus the discrepancy in the DFs at high energies visible for the case of the drain region is insignificant. Fig. 5 also demonstrates that the multiple-carrier process plays an important role in large devices such as an nLDMOS transistor and should be considered in the model.
The N it (x) profiles simulated using SHE-and DD-based approaches for the entire lateral coordinate range and for 10 s and 1 Ms are presented in Fig. 6 . It can be seen from Figs. 3 and 5 that the carriers near the drain are rather hot and both the single-and multiple-carrier processes are saturated, thus leading to the N it peak at the drain region. Another peak is pronounced in the vicinity of the bird's beak, which is due to the single-carrier process as the rate of the multiple-carrier process (Fig. 5) is negligible in this region. The third N it maximum located in the channel at x ∼ 2.8 μm stems from the common action of the multiple-carrier process of the bond dissociation and the interaction of the dipole moment of the bond with the electric field [13] .
The role of this N it peak in the channel is worth discussing. In the previous version of our HCD model [5] , [15] , the hole contribution to the bond-breakage process was suggested to be the primary cause. This is because the corresponding interface traps are shifted toward the channel center as compared with those states, which are generated near the drain end of the gate by the channel electrons, and as a result, the relative effect of holes is stronger. The hole related damage was also discussed to be important by other groups in the context of HCD in nLDMOS devices [47] , [48] . In our nLDMOS transistor, however, the holes have a very low concentration near the Si/SiO 2 interface with values not exceeding 10 5 cm −3 , i.e., ∼15 orders of magnitude lower than the electron density (Fig. 7) . As a result, while modeling the trap generation kinetics, we neglect the hole-induced bond-breakage rates. The lack of the hole-induced component of the damage is compensated in our model by the common action of colder carriers and the dipole-field interaction, thereby leading to the important N it peak inside the channel, which substantially affects the device characteristics.
The normalized experimental change of the linear and saturation drain currents simulated with the SHE-and DD-based versions of our HCD model is plotted together with the experimental data in Fig. 8 between the experimental results and the simulated data is very good. It is important to emphasize that the I d,lin (t) and I d,sat (t) curves obtained with the SHE-and DD-based versions of the model are almost the same within the whole experimental time window. This makes the latter version attractive for efficient and predictive HCD simulations of nLDMOS devices. Fig. 9 shows the I d,lin (t) and I d,sat (t) traces simulated with the DD-based version of the model with and without the effect of mobility degradation (15) . One can see that for the entire stress time window, the current degradation simulated considering only the electrostatics perturbation due to the interface state buildup is substantially underestimated.
To check the DD-based model in greater detail, we plot the normalized changes in the linear and saturation drain currents simulated exclusively with the DD-model for a fixed V ds = 20 V and three different V gs = 1.2, 1.5, and 2 V in Fig. 10 . It is worth emphasizing that the DFs used for the data in Fig. 10 are obtained with the DD-based approach without additional tuning of the parameters in order to mimic the ViennaSHE results. We conclude that the agreement between the experimental data and the degradation traces is very good. This is also the case for the threshold voltage shifts V th (t) for V gs = 2 V and V ds = 20 and 22 V obtained with both versions of our HCD model and plotted versus the measured V th (t) traces, as shown in Fig. 11 . Again, as in the case of the drain current degradation, we apply our DD-based model to represent V th (t) traces for V ds = 22 and V gs = 1.2 and 2 V without using the ViennaSHE DFs as a reference (Fig. 12) , and observe good agreement between experiments and theory. We finally emphasize that all simulations were of course carried out with the same parameter set.
V. CONCLUSION
We have applied our physical model of the HCD to represent the degradation in an nLDMOS transistor. Two versions of the model have been examined, i.e., a version which employs the carrier DFs obtained from a deterministic BTE solver and one which uses the simpler DD approach. The electron DFs obtained with the DD-based model were compared with those simulated with the SHE approach and good agreement between them was shown. Although some discrepancy between the DFs computed with these two models is visible in the drain region, this discrepancy was shown to not translate into an error in the DD-based HCD model. Such a conclusion can be drawn based on the good agreement between the carrier AIs evaluated with the two versions of the model for both single-and multiple-carrier processes of Si-H bond dissociation. The corresponding interface state density profiles are also almost identical for a wide range of stress times and stress conditions.
The degradation of the linear and saturation drain currents and the threshold voltage shift were represented by both versions of our model for different combinations of drain and gate voltages using a unique set of parameters. Good agreement between the results obtained with SHE-and DD-based versions of the model suggests that the efficient DD model is well suited for describing the HCD in nLDMOS devices.
